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In-NQR evidence for unconventional superconductivity in Celn 3 under pressure 
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We report evidence for unconventional superconductivity in Celn3 at a pressure P = 2.65 GPa above critical pressure (P c 
~ 2.5 GPa) revealed by the measurements of nuclear-spin-lattice-relaxation time (Ti) and ac-susceptibility (ac-x). Both the 
measurements of Ti and ac-x have pointed to a superconducting transition at T c = 95 mK, which is much lower than an onset 
temperature T on3et ~ 0.15 K at zero resistance. The temperature dependence of 1/Ti shows no coherence peak just below T c , 
indicative of an unconventional nature for the superconductivity induced in Celn3. 
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PACS: 74.25.Ha, 74.62.Fj, 74.70.Tx, 75.30.Kz, 76.60.Gv 



I. INTRODUCTION 

Since the discovery of cerium (Ce) based heavy-fermion 
(HF) superconductivity in CeCju*3i 2 ul, many experimen- 
tal works on CeCu 2 Ge 2 ,cl Celn^fflJ and CePd 2 Si 2 El have 
suggested that the antiferromagnetism and superconduc- 
tivity are closely related each other. The discovery of 
pressure (P) -induced HF superconductivity in Ce-based 
HF antiferromagnetic (AF) compounds -has stimulated 
further experimental works under P.0'Brai3 Recently, a 
new HF material CeRhlns consisting of alternating layers 
of Celn3 and Rhln 2 was found to reveal an AF to super- 
conducting (SC) transition at a relatively lower criti 
pressure P c = 1.63 GPa than in previous examples.B 
The SC transition temperature T c = 2.2 K is theubigh- 
est one to date among P-induced superconductors.Q This 
finding has opened a way to investigate the P-induced 
evolution of both magnetic and SC properties over a wide 
P range. In the previous paperE3, the 115 In-NQR study 
of CeRhlns has clarified the P-induced anomalous mag- 
netism and unconventional superconductivity. At P = 
2.1 GPa, the nuclear spin-lattice relaxation rate 1/Ti 
reveals a T 3 dependence below the SC transition tem- 
perature T c , which shows the existence of line-node in 
the gap function.LSl Note that the unconventional super- 
conductivity in CeMIns^MipiXjo, Rh, Ir) occurs at the 
border of the AF phaseJMBEl 

It is suggested that P-induced superconductivity in 
Celn3 , which is the host crystal of CeMIns , is also medi- 
ated by AF magnetic fluctuations from resistivity mea- 
surements under Pa However, evidence for a bulk su- 
perconductivity and whether it is mediated by AF mag- 
netic fluctuations or not in Celn3 has not been estab- 
lished because its superconductivity pander P is observed 
only in the resistivity measurements. It is still unclear 
whether any problem concerning a sample surface or its 



quality that could prevent the onset of bulk P-induced 
superconductivity is ruled out or not. This is in contrast 
to the case of CeRhlns where -tie bulk nature of the SC 
phase was fully establishedtd'EZI over a wide P range 2 
— 5 GPao. Note that the P-induced superconductivity 
in CeRhlns occurs in the non-Fermi-liquid state in the 
whole P range .□ 

Celn3 crystallizes in the cubic AuCu3 structure and 
orders antiferromagnetically (TV = 10 Kl at P = with 
an ordering vector Q = (1/2,1/2,1/2) Jiil TV monoton- 
ically decreases with P and superconductivity appears 
below T c ~ 0.2 K at a critical pressure P c = 2.55 GPa 
and the onset of superconductivity has been observed by 
the resistivity measurements-, and is limited in a narrow 
P range of about 0.5 GPaflErEa Also it is reported that 
non-Fermi-liquid regime in Celn3 under P is limited in a 
quite narrow P range around the peak of resistive T c in 
the SC phased The previous 115 In-NQR result on Celn 3 
revealed that the AF order disappears around P* = 2.44 
GPa close to P c and the Fermi-liquicLbehavior was ob- 
served-below 10 K at P = 2.74 GPaEi In the previous 
paperta, we reported that the localized magnetic charac- 
ter is robust against the application of P up to 1.9 GPa, 
beyond which T* , which marks an evolution into an itin- 
erant magnetic regime, increases rapidly. It is of great 
interest that the superconductivity in Celn3 emerges in 
such an itinerant regime. The window for the 3D AF 
fluctuation regime with respect to an external pressure 
is much narrower in Celn3 than in CeRhlns, which may 
also be partly responsible for the narrower SC region in 
Celn 3 . 

In this paper, we report measurements of 1/Ti and 
ac-susceptibility at P = 2.65 GPa down to T = 50 mK 
which provide evidence for unconventional and bulk na- 
ture of superconductivity in Celn3. At P = 2.65 GPa, 
from the relation of TiT = const, below Tfl ~ 5K char- 
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acteristic for the Fermi-liquid state, we conclude that 
the P-induced superconductivity occurs well below Tfl 
without any signature for a non-Fermi-liquid behavior 
governed by AF spin-fluctuations. Our result is consis- 
tent with the recent resistivity measurements. □ This is in 
contrast to the case of CeRhlns where superconductivity 
occurs only in the non-Fermi-liquid regime! 



II. EXPERIMENTAL 

The single crystals of CeIn 3 Jijere grown by Czochralski 
method as reported elsewhereu and moderately crushed 
into grains in order to make rf pulses penetrate into sam- 
ples easily. To avoid some crystal distortions, however, 
the size of the grains is kept with diameters larger than 
100 /urn. In a small piece of Celn.3 from the same batch 
used in this work, the zero resistance transition was con- 
firmed in the P range of 2.2 — 2.8 GPa. The phase di- 
agram inferred -from the resistivity data is shown in the 
inset of Fig. 4b.]a which is in good agreement with the pre- 



vious reports. Era At P — 2.5 GPa that is close to a critical 
pressure P c , the T c determined by the resistivity measure- 
ment reaches a maximum value of T c = 0.19 K and its 
transition width becomes the sharpest. Measurement of 
1/Ti was made by the conventional saturation-recovery 
method in the temperature (T) range of 0.05 — 100 K at 
P = 2.65 GPa. The 115 In-NQR 1/Ti was measured at 
the transition of 2,v Q (±5/2 «-> ±7/2) above T = 1.4 K, 
but at Ivq (±1/2 ^ ±3/2) below T — 1.4 K. The ac- 
susceptibility (ac— x) was measured by using an in-situ 
NQR coil. Hydrostatic pressure was applied by utilizing 
a NiCrAl-BeCu piston-cylinder cell, filled with Si-based 
organic liquid as a pressure-transmitting medium. To 
calibrate the pressure at low temperatures, the shift in 
T c of Sn metal underjaressure was monitored by the resis- 
tivity measurement .Ej To reach the lowest temperature 
of 50 mK, a 3 He- 4 He dilution refrigerator is used. 



III. EXPERIMENTAL RESULT 

Figures 1 and 2 show the respective T dependencies 
of 1/Ti and l/T x T at P = 0, 2.35, and 2.65 GPa. At 
P = 0, the AF order occurs at T/v = 10 K without any 
clear signature for an itinerant HF regime. Rather, in the 
paramagnetic state, the 4/-electron derived moments be- 
have as if localized, since 1/Ti stays a constant. It was 
reported that T/v monotonically decreases with pressure 
and eventually is reduced to T/v = 5 K at P = 2.35 
GPa. At this pressure, it is noteworthy that 1/Ti starts 
to decrease below T* ~ 15 K. This is defined as a charac- 
teristic temperature below \sthich the system crosses over 
to the itinerant HF regime £3 At pressures exceeding P 
= 2.35 GPa, the internal field at the 115 In site due to the 
AF .ordering decreases, revealing a same P dependence as 
T/v.tJ'CJ At P — 2.65 GPa, it is remarkable, as presented 



in Figs. 1 and 2, that 1/Ti shows a significant decrease 
below T* ~ 30 K, followed by a behavior of TiT = const, 
that is characteristic for the Fermi-liquid state to be real- 
ized below Tfl = 5 K. This result proves that the Fermi- 
liquid description is valid over a wide T range 0.1 — 5 K 
at P — 2.65 GPa. Any trace of AF spin- fluctuations at 
P = 2.65 GPa is not appreciable due to an increase of 
the hybridization of Ce-4/ electrons and-conduction elec- 
trons as discussed in the previous paper &3 This is in.good 
agreement with the recent resistivity measurement u 

Next, we discuss about the superconductivity in Celn3 
at P = 2.65 GPa. The SC transition at P = 2.65 GPa is 
evidenced by the 1/Ti measurement. As seen in Figs. 1 
and 2, below T c = 95 mK, 1/Ti decreases suddenly, sig- 
naling the onset of bulk SC transition. In addition, the 
absence of the coherence peak in 1/Ti just below T c is 
consistent with an anisotropic SC gap. The Ti measure- 
ment below 50 mK was too hard to determine the nodal 
structure because of a heat-up problem arising from the 
exciting rf pulses. 

The SC transition is also corroborated by the ac— x 
measurement. The T dependence of the ac— x at P = 
2.65 GPa is shown in Fig. 3. The absolute value of sus- 
ceptibility was determined by using a single crystals of 
Celrlns as a reference in which bulk superconductivity 
is fully established.EJ The ac— % decreases below T c ~ 95 
mK due to the SC diamagnetism, indicating a clear signa- 
ture of a SC transition. The diamagnetic signal of Celn3 
reaches 80% of the value of Celrlns. It indicates the P- 
induced superconductivity in Celn3 is the bulk one. Note 
that the T c probed by the Ti and ac— x measurements is 
lower than Tjf ~ 0.15 K at zero resistance on the same 
sample.Q This suggests that the surface of the sample 
makes a short cut for the electrical current flow, exhibit- 
ing a rather higher T c value than that for the bulk one. 
This phenomenon is similar to the SC characteristics in 
Celrlns, in which the bulk T c ~ 0.4 K confirmed by the 
measurements of the specific. heat, the susceptibilityliil, 
and the NQR measurementsEj is much lower than T c ~ 1 
K determined by the zero resistance. A reason why this 
inconsistency occurs is still unresolved. 

Note that, at P = 2.65 GPa, the normal state is dom- 
inated by the Fermi-liquid excitations below Tfl = 5 
K that is far above T c = 95 mK, but not by AF 
spin-fluctuations. The superconductivity occurs thus in 
the Fermi-liquid regime, contrasting ™th the uncortw, 
tional superconductivity in CeCu2Si2S and CeMInJlS'l 
both of which reveal a higher T c near the border of AF 
and SC transitions in the non-Fermi-liquid state. Fig. 
4a indicates the T dependence of \jT\T in CcRhlns 
at P = 2.L_GPa where the superconductivity is fully 
established.Ej This T dependence was consistent with 
the AF spin-fluctuation modelE3 near a magnetic criti- 
cality. Most remarkably, the P-induced superconductiv- 
ity in CeRhlns occurs under the dominance of strong AF 
spin-fluctuations near the border to the AF phase. As 
seen in Figs. 4a and 4b, the behavior of 1/T\T — const, 
in Celn3 strongly contrasts with that in CeRhlns. This 
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difference in magnetic fluctuations is suggested to be inti- 
mately related to the fact that the maximum T™ ax = 2.1 
K in CeRhlns is an order magnitude larger than T™ ax 
= 0.2 K in Celn3. Note that T c is much smaller for 
Celn3 because non- Fermi-liquid and AF spiupfluctuations 
regime is limited in quite narrow P rangeEru than that 
in CeCu2Si2 and CeRhlns. For the latter, the supercon- 
ductivity occurs at the border of the AF phase where 
the non-Fermi liquid takes place and even coexists with 
it. This may be related to the robustness of SC region 
against increasing P for the latter .L3 It is an issue to 
study in future whether or not the superconductivity and 
the antiferromagnetism in Celn3 coexist and whether or 
not the AF magnetic fluctuations in the non- Fermi-liquid 
state raise T c near the border of AF and SC phases. 

IV. CONCLUSION 

In conclusion, we have provided evidences for the bulk 
and unconventional superconductivity in Celn3 below 95 
mK at P — 2.65 GPa on the basis of the measurements 
of T\ and ac-susceptibility. We have found that the sys- 
tem changes the magnetic character from the localized 
to itinerant regime below T* ~ 30 K and the Fermi- 
liquid description becomes valid below Tfl ~ 5K with- 
out any appreciable trace of AF spin-fluctuations devel- 
oping. 1/Ti reveals no coherence peak just below T c = 95 
mK, indicative of unconventional superconductivity. We 
remark that the P-induced SC phase in Celn3 is charac- 
terized by a lower T c and a narrower SC region than in 
CeRhlns where SC phase coexists with the AF phase and 
T c = 2.1 K is obtained in virtue of the non- Fermi-liquid 
state dominated by strong AF spin-fluctuations. 
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FIG. 1. T dependence of 115 (l/Ti) in Celn 3 at P = 0, 
2.35 and 2.65 GPa. The dotted line indicates a relation of 
115 (l/TiT) = const.. 

FIG. 2. T dependence of 115 (l/TiT) in Celn 3 at P = 0, 
2.35 and 2.65 GPa. The dotted line indicates a relation of 
115 (l/TiT) = const.. 
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FIG. 3. T dependence of ac-susceptibility in Celn3 at P = 
2.65 GPa. The solid arrow indicates the onset temperature of 
superconductivity. 

FIG. 4. W T dependence of 115 (l/TiT) in CeRhlns at P 
— 2.1 GPa.tj The solid arrow indicates T c . The inset shows 
the P-T phase diagram of CeRhlns £3 (b) T dependence of 
115 (l/TiT) in Celn 3 at P = 2.65 GPa. The solid (dashed) 
arrow indicate T c (Tpl). The dotted line indicates a relation of 
115 (l/TiXi = const.. The inset shows the P-T phase diagram 
ofCeIn 3 £3 
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